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ABSTRACT 
The magnitude and form o f  the decrease i n  y i e l d  stress i n  
the model system Fe-Fe C has been invest igated as a funct ion of  
appl ied pressure and d e  volume propor t ion and morphology o f  the 
second phase. 
onset of  y i e l d  decrease depends on volume f rac t ion ,  morphology 
and the p u r i t y  o f  the matrix. The exisaence o f  a 'saturat ion '  
pressure i s  ' indicated, beyond which there i s  no fu r the r  change. 
Measurements o f  the microy ie ld  s t r e s s r A f o r  specimens subjected 
t o  20 k i lobars ind icate tha t  the stress t o  move the pressure- 
induced d is locat ions i s  independent of the volume f r a c t i o n  o f  
second phase w i t h i n  the range examined (up t o  1.5 ~ 0 1 % )  I n  con- 
t r a s t ,  the microy ie ld  stress f o r  specimens which were prestsained 
p l a s t i c a l l y  i n  tension increased progressively w i th  increasing 
volume f ract ion.  This r e s u l t . i s  i n  keeping w i t h  the hypothesis 
that  the in t roduct ion o f  pressure-induced d is locat ions does not 
modify the main f e r r i t e  matrix. 
The resu l ts  show tha t  the c r i t i c a l  pressure f o r  the 
A comparative transmission electron-microscopy study o f  
d i f f e ren t  types o f  tungsten has demonstrated that  the presence o f  
doping addi t ives i n  powder metal lurgy tungsten can lead t o  the 
formation o f  small i n te rna l  voids ('gas bubbles') on annealing 
and rec rys ta l l i sa t i on ;  such voids are a fac to r  in f luenc ing 
b r i t t l e  crack nucleat ion and growth. Thin f o i l  studies are i n  
progress on dislocation-generation a t  Tho and HfC p a r t i c l e s  i n  
a tungsten matrix. 
f rac tu re  behavior o f  tungsten a t  h igh pressure has been i n i t i a t e d ,  
O f  the three types o f  tungsten selected, one batch haslbeen de- 
l i ve red  and character isat ion and preparation o f  rec rys ta l l i sed  
t e n s i l e  specimens i s  i n  progress. The g r i p  design o f  the h igh 
pressure t e n s i l e  apparatus has been modif ied t o  accomodate the 
buttonhead specimen design. 
The invest igat ion o f  $he t e n s i l e  f low and 
' -  
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V I .  FIGURES 
I. INTRODUCTlON 
During the 12-month period o f  the present research program 
(beginning 1 June, 1966), the p r inc ipa l  ob ject ives are:(a) t o  continue 
the study o f  pressure e f fec ts  on i r o n  and iron-carson a l l oys  as being 
a model system f o r  the invest igat ion o f  the,mechanism o f  d i s  ocat ion 
generation under hydrostat ic  pressure and as provid' ing a new means o f  
examining the i n i t i a t i o n  o f  p l a s t i c  f low i n  i ron;  and (b) t o  complete 
the inves t iga t ion  of pressure e f fec ts  on tungsten and two-phase tung- 
sten a l l oys  and t o  examine the inf luence o f  environmental pressure on 
the f l o w  and f racture charac ter is t i cs  of tungsten dur ing t e n s i l e  
s t r a i n i n g  a t  pressure. 
being conducted by Mr. P. Trester and those on tungsten by M r .  G. Das. 
The present report  describes the research car r ied  out dur ing 
The studies o f  the iron-carbon system are 
the f i r s t  six-month per iod from 1 June 1966 - 30 November 1966. During 
t h i s  period, the research e f f o r t  on the model system has been d i rected 
t o  establ ish ing quan t i t a t i ve  re la t ionships between second-phase volume 
and morphology and changes i n  macroyield and microy ie ld  behavior, For 
a1 loys exh ib i t i ng  the  maximum pressure e f f e c t s  ( 1 vol.% Fe3C), 
electron-microscopy o f  t h i n  f o i l s  i s  being used t o  examine the nature 
o f  the i n i t i a t i o n  and propogation o f  p l a s t i c  flow !.e., the condi t ions 
f o r  f ree d i s loca t i on  movement i n  a f e r r i t e  mat r ix  o f  h igh pu r i t y .  I n  
the case o f  tungsten and two-phase tungsten a l l oys , ' t he  inves t iga t ion  
of pressure cyc l ing  on substructure has been d i rected t o  a lower 
volume f r a c t i o n  tho r ia  a l l o y  and a tungsten-hafnium-carbon a l l oy ,  and 
the study o f  the t e n s i l e  behavior o f  tungsten a t  constant h igh  pressure 
has been i n i t i a t e d .  The l a t t e r  i s  concerned both w i t h  the mechanisms 
, 
2 
of f l o w  a t  room temperature and w i th  the re la t ionsh ip  between b r i t t l e -  
1 
d u c t i l e  t r a n s i t i o n  behavior as a 
a funct ion o f  pressure. 
funct ion o f  temperature t o  tRat as 
I I .  IRON-CARBON ALLOYS 
I n  the case o f  t h i s  model system o f  second-phase pa r t i c l es  
dispersed i n  a matr ix  o f  i so t rop ic  l inear  compressibi l i ty ,  the inf luence 
o f  the volume proport ion o f  second-phase on the decrease i n  flow 
stress f o r  a ser ies o f  annealed h igh-pur i ty  iron-carbon a l loys  a f t e r  
subject ion t o  a hydrostat ic  pressure o f  20 k i lobars  was establ ished 
e a r l i e r " ) .  The maximum change occurs f o r  a l l oys  containing 1 t o  
y i e l d  character is t ics  demonstrated tha t  the 
d is locat ions by pressur isat ion resu l ts  i n  a 
the  microy ie ld  stress vA compared w i t h  the 
normal method o f  un iax ia l  p l a s t i c  p res t ra in  
2 vol.% f o r  t h i s  p a r t i c u l a r  carbide morphology. Examination o f  micro- 
in t roduct ion o f  mobile 
substant ia l  decrease i n  
values obtained by the 
ng a t  atmospheric pressure. 
The current work has been concerned w i t h  es-abl ishlng accurately the 
magnitude and form o f  the decrease i n  y i e l d  stress i n  r e l a t i o n  t o  the 
appl ied pressure and the volume propor t ion and morphology o f  the 
second phase, using both s u b c r i t i c a l l y  annealed and quenched and tem- 
pered a l loys,  and w i th  studying microyielding In  these high p u r i t y  
a1 loys. 'The methods o f  specimen preparation, vacuum annealing, appl i- 
cat ion  of h igh hydrostat ic  pressures, and t e n s i l e  s t ress-s t ra in  
L 
measurement i n  the ax ia l  loading r i g  were as described previously (1 1 . 
(a) Macroyield Phenomena 
The observations reported ear l  i e r " )  on the changes occurring 
3 
8 
i n  the macroyield region o f  the t e n s i l e  s t ress-s t ra in  curves foe a 
series o f  annealed high p u r i t y  iron-carbon a l l oys  as the r e s u l t  o f  
subjection t o ' a  hydrostat ic pressure cycle t o  20 k i lobars have been 
extended t o  examine the nature o f  the progressive changes as a funct ion 
o f  pressure. 
15 k i  lobars f o r  the a1 loy series up t o  0 ,3  wt%C (4.7 v o l e %  Fe3C). The 
resu l t s  are presented i n  Figure 1 * For a l l  the a l loys,  a continuous 
decrease i n  the lower y i e l d  stress i s  observed once a c r i t i c a l  pres- 
sure i s  exceeded. This c r i t i c a l  pressure increases w i th  increasing 
volume f r a c t i o n  o f  carbide - i t  i s  less than 5 k i lobars f o r  the 
Appropriate measurements have been made a t  5, 10 and 
* 
0.065 wt%C (1.0 vo le% Fe3C) and lower carbon a l loys,  and between 
5 and 10 k i lobars f o r  the 0.3 wt%C (4.7 vo le% Fe3C) a l loy.  
that  the c r i t i c a l  pressure reported e a r l i e r " )  f o r  a sim'i l a r l y  annealed 
plain-carbon steel  (AIS1 1018) containing only 2,8 vo le% Fe3C i s  
higher (some 15 k i  lobars) than that  f o r  the high p u r i t y  a1 loy con- 
ta in ing  4.7 vol.% Fe3C indicates tha t  the c r i t i c a l  pressure i s  depen- 
dent not only on the volume f r a c t i o n  o f  second phase, but a lso  on the 
impur i ty  content o f  the matrix. This i s  i n  keeping w i t h  the interpse- 
t a t i o n  tha t  the higher strength o f  the more impure f e r r i t e  mat r ix  i n  
the plain-carbon s tee l  requires a higher c r i t i c a l  pressure t o  induce 
new dis locat ions by d i f f e r e n t i a l  comprepsion between p a r t i c l e  and 
matrix. 
cause o f  the f a i l u r e  o f  annealed tungsten-thoria a l l oys  t o  e x h i b i t  
The f a c t  
I 
Such a r o l e  o f  the inherent mat r ix  strength i s  a lso  a possible 
* 
The f a c t  t ha t  the y i e l d  stress leve ls  do not increase regu la r ly  
with increasing carbon content i s  associated p r i m a r i l y  w i t h  
the v a r i a t i o n  i n  gra in  s ize between the d i f f e r e n t  al loys.  
4 
changes i n  t h e i r  macroyleld charac ter is t i cs  a f t e r  subjection t o  a 
pressure as high as 25 k i lobars" ) .  A fu r ther  po in t  of i n te res t  i s  
the existence o f  a ' sa tu ra t ion"e f fec t  indicated i n  the resu l t s  f o r  
the lower carbon a l l o y  (0.35 vol.% Fe3C) f o r  which the decrease I n  
y i e l d  stress i s  essen t ia l l y  unchanged f o r  pressures beyond I S  ki lobars. 
This corresponds t o  a l i m i t i n g  pressure beyond which e i the r  no f u r t h e r  
d i s loca t i on  generation occurs because of i n t e r f e r l n g  stress f i e l d s  
from adjacent sources o r  the introduct ion o f  f u r the r  dis locat ions no 
longer d r a s t i c a l l y  modifies the s t ress-s t ra in  relat ionship.  Further 
a t t e n t i o n  i s  being directed t o  t h i s  point. 
I 
I n  order t o  examine the r o l e  of  the  morphology o f  the 
second phase i n  determining the nature and magnitude o f  the pressure 
e f fec ts  on discontinuous yielding, d i f f e r e n t  second phase morpholo- 
gies were introduced i n  the 0.065 
quenching and tempering treatment 
sing a t  925'6 f o r  30 minutes i n  a 
wt%C and 0.30 wt%C a l loys by the 
developed previously".) (austeni t 1- 
vacuum, quenching i n t o  i c e  water, 
and tempering a t  7OO0C f o r  oneshour, fol lowed by rough machining 
and tempering f o r  an addi t ional  hour a t  700°C before f i n a l  gr inding 
o f  the t e n s i l e  specimens). 
more uniform s i ze  and dispersion o f  carbide, and a lso  i n  a f i n e r  
f e r r i t e  g ra in  s ize - see Table 1 .  The e f f e c t s  of pressure cyc l i ng  
on y i e l d  stress f o r  these two a l l oys  are compared i n  Figure 2. 
missing data po in ts  correspond t o  specimens which deviated consider- 
ably i n  t h e i r  response t o  pressure from the general trend o f  the 
data. The deviat ions were found t o  be assoeisted w i t h  a d i f f e r e n t  
microstructure developed 
This treatment resu l t s  i n  a considerably 
The 
i n  these particular specimens which was 
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traced t o  a fau l t y  cont ro l  o f  temperature dur ing heat treatment such 
that  these specimens were not cor rec t ly  austeni t ised, As f u r the r  
mater ia l  was not ava i lab le  f o r  the 0.065 wt%C a l l oy ,  which i s  the 
compos t i o n  o f  greatest in terest ,  repeat tes ts  were conducted on a 
new a1 oy o f  s im i l a r  composition (0.09 wt%C), using s a l t  bath austeni- 
t i s i n g  i n  place o f  the vacuum furnace. The resu l ts  are included i n  
Figure 2. The resu l ts  f o r  a l l  three a l l oys  d i f f e r  from those obtained 
w i t h  p a r t i c l e  morphology developed by sub -c r i t i ca l  annealing p r i n c i -  
p a l l y  i n  tha t  the discontinuous y i e l d  drop i s  not e l iminated even 
a t  the highest pressure used, 20 k i lobars,  although both the upper 
and \ower y i e l d  stresses are reduced substant ia l ly .  
i l l u s t r a t e s  these d i f f e r e n t  trends o f  the t e n s i l e  s t ress-s t ra in  
curves fo r  the 0.30 and 0.004 wt%C a l loys.  
Figure 3 
At ten t ion  i s  now being d i rected t o  examining the changes 
i n  substructure by th in - fo i  1 electron microscopy f o r  the various 
condi t ions discussed above. Improved techniques t o  f a c i l i t a t e  f o i l  
preparat ion and observation have been developed. 
t i c s  o f  the pressurised a l loys  and a lso  o f  the ea r l y  stages of 
t e n s i l e  deformation i n  specimens strained a f te r  pressure cyc l ing  
w i l l  be discussed i n  the next report.  
The character is-  
Although the current inves t iga t ion  of the inf luence o f  the 
several var iables on the change i n  y i e l d  behavior induced by pressur i -  
sa t ion  i s  not yet completed, i t  i s  appropriate t o  note tha t  the 
present data ind ica te  tha t  a progressive lowering o f  the leve l  o f  
the ' lower y i e l d  s t ress '  region w i t h  increasing pressure i s  a 
6 . , 
charac ter is t i c  effect, whether or not the 'upper y i e l d  po in t '  i s  ' 
eliminated. The var iables include volume propor t ion o f  Fe3C, i t s  
d i s t r i b u t i o n  and morphology, and the gra in  s ize  and p u r i t y  o f  the 
f e r r i t e  matrix. This character is t ic  i s  i n  keeping w i t h  the hypo- 
thesis o f  an increased densi ty o f  mobile d is locat ions and sources 
leading t o  a lower stress f o r  the propogation o f  the Luder's band(s) 
a t  the constant s t r a i n  ra te  o f  the tes t i ng  machine. Such an i n te r -  
p re ta t i on  i s  i n  agreement w i t h  the a t t r i b u t i o n  o f  i r r e g u l a r i t i e s  
(i.e., o s c i l l a t i o n  o f  the stress leve l )  i n  the Luder's - s t r a i n  o r  
heterogeneous y i e l d  region t o  the nucleat ion o f  addi t ional  Luder's 
bend(s) and, correspondingly, an increased number o f  mobi l e  dis loca- 
t ions  cont r ibu t ing  t o  p l a s t i c  strain(* ' .  
the pressurised a l loys,  tha t  of  the progressive shortening of  the 
Another charac ter is t i c  o f  
Luder's s t r a i n  region w i th  increasing pressure (see Figure 3)  would 
be expected t o  a r i s e  from the increased densi ty of d is locat ions 
induced by pressur isat ion leading t o  d is loca t ion  in te rac t ion  and 
work-hardening a t  smaller p l a s t i c  s t ra in .  
(b) Microyield Phenomena 
The invest igat ion of microyielding i n  pressurised i r o n  
a l l oys  which was i n i t i a t e d  previously on a plain-carbon steel  has been 
appl ied t o  the 0.004, 0.019 and 0.09 wt%C a l loys.  Using the c y c l i c  
loading technique w i t h  resistance s t r a i n  gages on the specimen ( 1  1 , 
the microy ie ld  stress, PA, (correspond i ng t o  an i n i t i a1 permanent 
s t r a i n  o f  lo-' in / in )  has been determined for  these mater ia ls f o r  the 
as-annealed condi t ion and a f t e r  subject ion t o  20 k i lobars.  
resul ts ,  together w i t h  WA measured f o r  annealed specimens using the 
The 
. 
, 
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normal t e n s i l e  prest ra in ing technique are given i n  Table 1 1 .  The 
e a r l i e r  resu l ts  fo r  the plain-carbon steel  (0.18 wt%C) are included 
f o r  comparison. 
The f a c t  tha t  the 0.004 and 0.09 wt%C a l l oys  exh ib i t  a 
A 
3 s im i la r  cr 
stress required t o  i n i t i a t e  movement o f  pressure-induced "mobile" 
d is locat ions i n  the h igh-pur i ty  i r o n  matr ix  i s  independent o f  the 
volume proport ion o f  second phase w i t h i n  t h i s  range o f  0.06 t o  
1.5 vol.%. The steel  contains a larger  volume propor t ion o f  carbide 
(12.2 and 12.5 x 10 ps i ,  respect ively)  suggests tha t  the 
(2.8 ~01%) and i t s  PA value i s  larger  (15.5~10 3 ps i ) .  However a 
cont r ibu t ion  t o  GA would be expected from the impure f e r r i t e  matrix, 
and the higher c r i t i c a l  pressure found f o r  the s tee l  (see p.4) po ints  
t o  the matr ix  con t r ibu t ion  being the major fac to r  ra ther  than the 
second phase content. 
I n  the case 
fo r  a given a l l o y  was 
o f  the prestrained specimens, the value o f  V A  
found t o  remain essent ia l l y  constant fo r  mag- 
ni tudes of p res t ra in  w i t h i n  the Luder's region i n  agreement w i t h  the 
observations of Brown and Koss~wsky(~)  f o r  a h igh-pur i ty  iron. 
However, w i t h  increasing carbon content, the value o f  W 
st ra ined specimens increases progressively, which i s  i n  marked contrast  
w i t h  the absence o f  a carbon dependence o f  OIA f o r  the pressurised 
a l loys.  
the motion of d is locat ions generated as the r e s u l t  o f  the stress con- 
centrat ion a t  the f ron t  o f  the moving Luderls band(s!) whlilch i t s e l f  
represents a region o f  substantial p l a s t i c  s t ra in ,  i.e. of substan- 
t i a l l y  changed substructure. 
i n  the pre- A 
I n  the prestrained al loys,  p l a s t i c  s t r a i n  i s  e f fected from 
I n  contrast, the pressurised a l loys  
8 . 
, 
contain a r e l a t i v e l y  homogeneous d i s t r i b u t i o n  o f  new d is locat ions and 
sources formed d i sc re te l y  a t  the second-phase p a r t i c l e s  wi thout 
necessar i ly  modifying the matr ix  substructure. 
load the new d is locat ions move d i r e c t l y  under the ac t ion  o f  the 
resolved shear stress. Thus, i n  the pressurised a l loys,  QA represents 
more c lose ly  the stress t o  move a d is loca t ion  i n  a mat r ix  o f  constant 
substructure. Further information on the substructures, the mechanisms 
o f  generation and the types and densi t ies o f  d is locat ions moving i s  
being sought t o  c l a r i f y  these observations. 
On applying a t e n s i l e  
1 1 1 .  TUNGSTEN AND TUNGSTEN ALLOYS. 
I t  was shown previously tha t  the macroyield behavior and 
d u c t i l e - b r i t t l e  t r a n s i t i o n  temperatures i n  w i re  specimens o f  a recrys- 
t a l l i s e d  powder-metallurgy tungsten and a tungsten-1 wt% t h o r i a  
(nominal) a l loy ,  both from the same commercial source were essent ia l l y  
unaffected by pressure cyc ing up t o  25 k i lobars" ) .  
the tungsten are i n  keepin w i th  the scarc i ty  o f  impur i ty p a r t i c l e s  
observed by t h i n - f o i l  e lec t ron  microscopy and the corresponding absence 
of pressure-induced dis locat ions.  During the annealing and recrysta l -  
l i s a t i o n  o f  the tungsten, l inear  arrays o f  small in te rna l  voids para l -  
l e l  t o  the d i r e c t i o n  o f  working i n  processing were shown t o  develop. 
Although the voids are e l a s t i c  d iscont inu i t ies ,  they are apparently too 
small t o  be e f f e c t i v e  as d is loca t ion  sources. I n  the tungsten containing 
del  i berate add i t i ons o f  second-phase (Thop) pa r t i c l es ,  a s i  m i  1 ar 
absence of pressure-induced d is locat ions a t  p a r t i c l e s  was found. 
f a i l u r e  t o  generate d is locat ions a t  the p a r t i c l e s  was a t t r i b u t e d  mainly 
The resu l ts  f o r  
The 
c 
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t o  t h e i r  d i s t r i b u t i o n  and morphology, but i t  i s  a lso possible tha t  
the pressures used (up t o  25 k i lobars) may be i n s u f f i c i e n t  f o r  the 
compress ib i l i ty  d i f ference between tungsten and thor ia,  which i s  
unknown . 
The current work has been concerned p r i n c i p a l l y  w i t h  three 
problems - the o r i g i n  and nature o f  the voids i n  tungsten, examina- 
t i o n  o f  the inf luence o f  smaller proport ions and d i f f e r e n t  types o f  
second phase and the i n i t i a t i o n  o f  the study o f  the tens i l e  f low and 
f racture behavior o f  recrys ta l l i sed  tungsten a t  h igh hydrostat ic  
pressures. I n  add i t ion  t o  these problems, an e lect ron microscopy 
study has been made o f  t h i n  f o i l s  prepared from the e a r l i e r  specimens 
o f  tungsten w i re  which showed an 'anomolous' decrease o f  approximately 
50°C i n  the duct i  l e - b t i t t l e  t rans i t i on  temperature a f te r  pressur is ing 
t o  only 13 k i lobars") .  
t ha t  these p a r t i c u l a r  specimens contained a larger amount o f  impur i ty 
par t i c les .  
the s t ruc tu re  was recrysta l l ised,  but has not revealed any marked 
I t  had been ant ic ipated from t h i s  behavior 
Extensive examination o f  the t h i n  f o i l s  has confirmed tha t  
dif ferences i n  p a r t i c l e  conient o r  substructure from the other tungsten 
wires. Thus, the o r i g i n  o f  the anomolous behavior remains unexplained. 
(a) In ternal  Void Formation i n  Tunqsten 
I n  the ponder metal lurgy tungsten wiresp i t  was observed 
e a r l i e r " )  that  small in ternal  voids o r  gas bubbles developed progres- 
s i ve l y  w i t h  increasing annealing temperature. For law temperatures 
( l l O O ° C )  the voids appear as elongated shapes predominantly a t  the 
boundaries o f  the longi tudinal  c e l l s  o r  f i be rs  charac ter is t i c  o f  tha t  
stage of annealing. A f te r  f u l l  r e c r y s t a l l i s a t i o n  a t  h igh temperatures 
10 
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(c i rca  20OO0C), the voids appear a t  the g ra in  boundaries and a lso 
w i t h i n  the grains as p a r a l l e l  rows o f  small rounded shapes. The f a c t  
tha t  the rows are approximately the same distance apart  ( 0.5 microns) 
as the o r i g i n a l  f i b e r  width i n  the as-drawn structure,  suggests tha t  
I 
the voids o r ig ina te  f rom v o l a t i l e  impur i t ies  o r  dissolved gas a t  the 
o r i g i n a l  g ra in  boundaries. 
described the presence o f  small gas bubbles o r  vaids o f  s im i l a r  appear- 
Wronski and F o u ~ d e u x ( ~ )  have recent ly  
ance i n  s intered tungsten rod and a t t r i bu ted  them, from t h e i r  absence 
i n  melted tungsten, t o  dissolved gases. 
I n  order t o  determine the o r i g i n  o f  the voids i n  the tungsten 
wire, three d i f f e r e n t  types o f  tungsten from the same manufacturer 
have now been examined by transmission e lect ron microscopy. The three 
are  (i) the commercial doped wi re (0.030 in.dia.) used fo r  the main 
study; (ii) undoped w i re  (0.075 in.dia.);and (iii) melted mater ia l  
prepared i n  an electron-beam zone r e f i n e r  from specimens o f  the main 
stock o f  doped powdet- metallurgy w i re  and from a 1/8 in.dia.rod o f  
doped tungsten. The two powder metal lurgy mater ia ls  were r e c r y s t a l l i s e d  
$Using the miero- je t  e lect ro th inn ing technique"), t h i n  f o i  1s were pre- 
pared from the w i re  specimens and from s l i ces  spark cut  from the melted 
rod mater ia ls  and exahined a t  100 kV i n  a JEM-GA e lec t ron  microscope. 
The s t ruc tu re  o f  the electron-beam melted tungsten from both the wires 
and the rod i s  essen t ia l l y  a s ing le c rys ta l  w i th  a low densi ty o f  d is -  
locat ions and no i n te rna l  voids or gas bubbles. The undoped tungsten 
(Fig. 4a) (annealed a t  220OoC by the manufacturer) exh ib i ts  a recrys- 
t a l l i s e d  s t ruc tu re  and again no voids are present. i n  contrast, the 
r e c r y s t a l l  ised doped mater ia l  (Fig.4b) consis tent ly  shows a d i s t r i b u t i o n  
o f  in te rna l  voids, usua l ly  having d is locat ions associated w i t h  them. 
11 
, 
These resu l ts  are interpreted as ind ica t ing  tha t  the voids 
* 
are produced as a resu l t  o f  the evaporation o f  doping addi t ives 
(such as K S i O g )  which are located p r e f e r e n t i a l l y  on the o r i g i n a l  g ra in  
boundaries in the as-sintered)mater ia l .  As the mel t ing points  o f  such 
compounds can be low (e.g., 1076OC f o r  K Si03), d issoc ia t ion  would be 
expected t o  oceur a t  the higher annealing temperatures, g iv ing  gaseous 
2 
2 
products which could lead t o  the formation o f  the observed voids. The 
s ize  and shape o f  the voids w i l l  depend on the in te rna l  pressure and 
the surface tension o f  the tungsten. A t  the higher temperatures, 
d i f f u s i o n  o f  the products i n t o  the l a t t i c e  could f a c i l i t a t e  the f o r -  
mation o f  the smaller, spherical cav i t ies.  
The s ign i f i cance shown here of the presence of the doping 
add i t i ves  provides c l a r i f i c a t i o n  o f  the sdurce of the 'gas bubbles' 
observed by Wronski and Fourdeux, since i t  i s  extremely l i k e l y  tha t  
t h e i r  mater ia l  was doped a lso  (a widely used prac t ice  f o r  commercial 
powder metal lurgy tungsten) However, dissolved gas (or poss ib le  
microporosi ty due t o  incomplete dens i f i ca t i on  on s in te r ing)  as a 
source o f  vo id formation ! in  s intered mater ia l  cannot be el iminated as 
there are some ind icat ions tha t  gas bubbles can be present i n  s in tered 
m~lybdenum'~) and p l a t i n ~ m ' ~ ) ,  but  are absent i n  the me1 ted mater ia ls.  
I n  a l l  three metals, the s intered condi t ion has i n f e r i o r  mechanical 
proper t ies (495) and the possible importance o f  in te rna l  voids as an 
add i t iona l  f ac to r  ( t o  g ra in  boundaries and prec ip i ta tes)  inf luencing 
s t ress  concentration and crack nucleat ion and growth i s  becoming 
;'g 
Spec i f i c  d e t a i l s  o f  the addi t ives and metal processing i n  current 
use are not ava i lab le  i n  the l i t e r a t u r e  o r  from manufacturers. 
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increasingly apparent. It i s  concluded from the present work tha t  the 
subs t i t u t i on  o f  a means o f  g ra in  s ize  cont ro l  other than doping i n  
powder metal lurgy tungsten should r e s u l t  i n  the development o f  more 
reproducible mechanical propert ies i n  t h i s  mater ia l .  
(b) Inf luence o f  Proport ion and Type o f  Second Phase. 
The d i s t r i bu t i on ,  volume propor t ion and nature o f  the second- 
phase p a r t i c l e s  i n  the matr ix  i s  now known t o  p lay  an important p a r t  
i n  determining the p o s s i b i l i t y  o f  the pressure-induced generation o f  
d is locat ions.  
f e r r i t e  matr ix,  the lowering o f  the f low stress reaches a maximum 
f o r  1 - 2 vol.% Fe3C, and subsequently returns t o  zero w i t h  f u r the r  
increase i n  the amount o f  carbide. Accordingly, t o  examine the 
Thus, f o r  the model system o f  Fe3C p a r t i c l e s  i n  a 
pressure response of  tungsten containing de l ibera te  addi t ions o f  
second-phase, a nominally 1 wt.% fh02-W a l l o y  (1.9 vole%) was selected. 
Following the absence o f  pressure-induced d is locat ions i n  recrys ta l -  
l i s e d  specimens o f  t h i s  a l l o y  a f t e r  subject ion t o  a pressure o f  
20 k i lobars,  a chemical analysis has been made of  the tho r ia  content. 
This established the composition as 0 - 9  wt% Tho2, i.e. 1.7 vol.%. 
The f a c t  tha t  the volume f rac t i on  seen i n  t h i n  f o i l  specimens i n  the 
e lec t ron  microscope appears t o  be subs tan t ia l l y  higher suggests tha t  
p a r t i c l e s  are remaining attached t o  the surfaces o f  the f o i l  a f t e r  
po l ish ing,  leading t o  an apparently la rger  volume f r a c t i o n  than i s  
appropr iate t o  the f o i l  thickness. I n  order t o  permit a more de ta i led  
examination o f  the matr ix  substructure adjacent t o  iso la ted p a r t i c l e s  
of t h o r i a  and because o f  the p o s s i b i l i t y  tha t  the optimum volume pro- 
p o r t i o n  may be lower than f o r  the model system, samples o f  tungsten 
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rod (0.075 in. diameter) containing 0.5 wt% Tho2 (0.9 ~01%) have been 
obtained. Experiments on t h i s  material are cur ren t ly  i n  progress. 
Although tho r ia  has been considered as a 'hard' p a r t i c l e  
r e l a t i v e  t o  the tungsten matr ix,  data on the cdnpress ib i l i t y  o r  hardness 
i s  not avai lable. Accordingly, i n  order t o  examine the p o s s i b i l i t y  
tha t  the proper t ies o f  the thor ia  r e l a t i v e  t o  tungsten may be inappro- 
p r i a t e  f o r  d is loca t ion  generation w i t h i n  the range o f  hydrostqt fc 
pressure avai lable,  the e f f e c t  o f  a d i f f e r e n t  type o f  second phase 
p a r t i c l e  i s  being examined. The compound selected i s  hafnium carbide, 
which i s  subs tan t ia l l y  harder(l940 - 2300 kg/mn2(6)) than tungsten 
although i t s  comoressibi l i ty  has not been reported. This pa r t i cu la r  
~ 
compound i s  a lso  o f  in te res t  i n  tha t  Schaf fhau~er '~ )  recent ly reported 
a reduction i n  the d u c t i l e - b r i t t l e  t r a n s i t i o n  
o f  5OoC f o r  annealed (2UOO0C) sheet specimens 
hafnium - 0.62 wt.% carbon a l l o y  o f  comnercia 
t o  15 ki lobars.  The resu l t  was a t t r i bu ted  t o  
temperature i n  bending 
of a tungsten-0.5 wt% 
p u r i t y  a f t e r  subject ion 
d is loca t ion  generation 
a t  p a r t i c l e s  o f  HfC, although a d i r e c t  examin-tion of  the substructure 
was not made. 
The a l l o y  which was avai lab le i n i t i a l l y  f o r  the present work 
contains 0.88 wt% H f  and 0.062 wt%C. It was obtained i n  the form o f  
0.025 in. t h i c k  sheet which had been so lu t ion  t reated a t  277OoC f o r  
15 minutes and cooled rap id l y  (by helium gas) t o  develop the optimum 
mechanical propert ies.  This optimum i s  general ly bel ieved t o  be 
associated w i t h  the formation o f  a very f i n e  dispersion o f  HfC par t i c les .  
To prepare t h  
were reduced 
n f o i l s  f o r  e lectron microscopy, pieces o f  the sheet 
n thickness t o  0.015 in, by e lect ropol ish ing and then 
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0.125 in. diameter d isc were trepanned from the sheet by high-voltage 
spark-cutt ing w i t h  a tubular tool .  Several o f  these discs were sub- 
jec ted  t o  a pressure of 20 ki, lobar$ i n  the modified p is ton-cy l inder  
apparatus. F o i l s  were made d i r e c t l y  from the unpressurised and the 
pressurised discs by the e l e c t r o l y t i c  j e t  method. 
micrograph shown i n  Figure 5 i l l u s t r a t e s  the general s t ruc tu re  o f  the 
mater ia l  and shows the r e l a t i v e l y  h igh densi ty o f  p rec ip i t a te  p a r t i c l e s  
observed. Comparative examination o f  the Structure o f  the f o i l s  i n  
the microscope d i d  no t  reveal any c lear  evidence o f  pressure-induced 
changes i n  substructure. Whi le the actual  p a r t i c l e  densi ty i s  lower 
than observed i n  the t h i n - f o i l s  f o r  the reason discussed e a r l i e r ,  the 
composition o f  t h i s  a l l o y  corresponds t o  a higher propor t ion (1.4 vol.%) 
of HfC than the a l l o y  used by Schaffhauser. 
second phase may be beyond the optimum for  pressure e f fec ts ,  a second 
a l l o y  having a lower carbide content has now been obtained f o r  inves- 
t i ga t i on .  
ponding t o  0.37 vo le% H f C )  and i s  i n  a s i m i l a r  form and condi t ion t o  
the f i r s t  a1 loy. 
The e lect ron 
As the propor t ion o f  
The new a l l o y  contains 0.22 wt% H f  and 0.0135 wt%C (corres- 
(c) Tensi le Behavior o f  Tunqsten a t  High Pressure. 
While the general e f fec t  of  a superimposed hydrostat ic  
pressure i n  enabling a number o f  ' b r i t t l e '  mater ia ls  t o  undergo substant ia l  
p l a s t i c  deformation before f rac tu re  was established some years ago by 
Bridgman(*), de ta i led  studies o f  spec i f i c  metals have not been made u n t i l  
recent ly.  Furthermore, as informatiom i s  usua l ly  lacking as t o  the pre- 
c i s e  charac ter is t i cs  o f  the meta l lurg ica l  h i s t o r y  and s t ruc tu re  o f  the 
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metals studied, i t  i s  d i f f i c u l t  t o  make v a l i d  comparisons between the 
resu l t s  o f  d i f f e r e n t  workers. At tent ion t o  the discontinuous nature o f  
the increase i n  d u c t i l i t y  which can occur i n  some metals w i t h  increasing 
hydrostat ic  pressure was f i r s t  drawn t o  the metals z inc  and bismuth 
by Pugh and co-workers") who proposed tha t  t h i s  Obri t t l e -duc t i  l e  
t r a n s i t i o n '  would be associated w i t h  metals o f  low coe f f i c i en t  o f  
strain-hardening, whereas those w i th  high coe f f i c i en ts  would show 
on ly  a steady increase i n  d u c t i l i t y  w i t h  pressure, 
I n  the case o f  tungsten, Bridgman (lo) i n  1953 reported an 
almost l i nea r  increase (based on 4 specimens) i n  t rue  s t r a i n  a t  
f rac tu re  wi th  increasing pressure up t o  27.8 k i lobars,  i n  agreement 
w i th  h i s  general observations on changes i n  d u c t i l i t y  w i t h  pressure. 
The data po in t  f o r  7 k i lobars,  which l i e s  we l l  below the l i n e  drawn 
through the other  3 points,  was discounted as a premature f racture,  
but  tak ing i t  i n t o  account would ind ica te  tha t  a d iscont inu i ty  e x i s t s  
i n  t h i s  pressure region - i n  keeping wi th  l a t e r  observations. Thus, 
Bobrowsky(''), Davidson, Uy and Lee (12) and L ivsh l tz ,  Ryabinin and 
8etesnev (13) have subsequently observed d i  scont i nuous increases i n  
d u c t i l i t y  ( reduct ion of area a t  f racture)  i n  the region from 6 t o  12 
k i lobars  i n  t e n s i l e  tes ts  a t  room temperature. These tes ts  were 
conducted i n  apparatus u t i l i s i n g  various forms o f  the Bridgman yoke 
design i n  which the t e n s i l e  s t ra in ing  i s  e f fected by the motion o f  
the main p i s ton  i n  the pressure chamber. Consequently, the pressure 
increases dur ing the t e s t  by an amount which increases w i th  the 
amount o f  s t r a i n  before f rac tu re  and the pressure e t  which the p i s ton  
contacts the t e n s i l e  device. Measurements on tungsten have a lso  been 
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reported by Pugh (14) using an apparatus of d i f f e r e n t  design (also 
used i n  the work on Zn and B i )  i n  which the pressure i s  maintained 
constant during t e n s i l e  s t ra in ing.  The apparatus i s  l im i ted  t o  
maximum pressures of the order o f  12 k i lobars,  but  has the considerable 
advantage o f  d i r e c t  and continuous measurement o f  load and specimen 
diameter w i t h i n  the pressure chamber dur ing the test .  The observa- 
t ions  on tungsten showed tha t  the metal was b r i t t l e  up t o  some 7.6 
k i lobars,  but exhib i ted increasing d u c t i l i t y  w i t h  f u r the r  increase 
i n  pressure. A t  the highest pressure used (10.7 k i lobars )  the reduc- 
t i o n  area increased t o  some 18%, compared w i t h  the 
mately 48% reported by Bobrowsky 
o f  12 k i lobars  a t  f racture.  A f u r the r  in te res t ing  
continuous measurement on the tungsten was the ind 
( and Davidson 
value o f  approxi- 
2, for a pressure 
featuce o f  the 
ca t ion  o f  a 
possible y i e l d  drop f o r  pressures above some 7 k i lobars  as shown i n  
the load/extension curves o f  Bridgman (lo) and the t rue  s t r e s d t r u e  
s t r a i n  ( In  AoIA) curves o f  Pugh (14) . 
The above observations on tungsten together w i t h  the 
recent ly  published measurements by Davidson e t  a1 (I2) o f  the pressure 
and temperature dependence o f  the t r a n s i t i o n  from b r i t t l e  t o  d u c t i l e  
behavior i n  magnesium d i r e c t  a t ten t i on  t o  the problem o f  the i n te r -  
re la t ionsh ip  o f  the changes i n  d u c t i l i t y  w i t h  pressure a t  room tem- 
perature and w i t h  temperature a t  atmospheric pressure. Unfortunately, 
the ava i lab le  data f o r  tungsten i s  too l im i ted  f o r  e f f e c t i v e  analysis - 
i n  pa r t i cu la r ,  comparison between the various resu l ts  and wi th  the 
proper t ies o f  tungsten a t  atmospheric pressure i s  d i f f i c u l t  because 
o f  the d i f f e r e n t  condiitions o f  tungsten used. Thus, Bridgman (10) 
17 
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used "annealed rod, 99.9% p u r i t y  from Fansteel Co."; Bobrowsky (") and 
L i vsh i t z  e t  a1 (13) used "tungsten"; Davidson e t  a1 ('*I used a "99,9% 
p u r i t y  pressed and sintered condit ion, g ra in  s i ze  0.09 mn", Pugh ( 1 4 )  
provides more useful de ta i l  - "tungsten, comnercial ly pure O.O02%C, 
0.01% Mo,, and 0.015"/, Fe, sintered, hot-swaged and vacuum annealed 
a t  12OO0C" - 
general ly accepted range o f  rec rys ta l l i sa t i on  temperatures. 
but even here, the annealing temperature i s  below the 
I n  the present invest igat ion,  a t ten t i on  i s  being d i rected 
t o  working w i t h  recrys ta l l i sed  tungsten o f  known h i s to ry  and charac- 
te r ised  structure,  and to using a constant pressure tens i l e  apparatus 
o f  the type developed by Pugh e t  a1 t o  examine the pressure dependence 
o f  the charac ter is t i cs  of flow and f rac tu re  i n  tungsten. E f f o r t  i s  
being d i rected p a r t i c u l a r l y  t o  the nature o f  discontinuous y ie ld ing  
a phenomena which 
due t o  premature 
i n  rec rys ta l l i sed  tungsten a t  room temperature, 
cannot be investigated under ambient condit ions 
f racture.  
Three d i f ferent  types of polycrysta l1  
c ia1 p u r i t y  have been selected f o r  the study: 
(i ) Doped powder metal lurgy 
compar i ng 
character 
spec f mens 
tungsten 
ne tungsten of comer- 
rod * 
(i 1 )  
(i i i )  Arc me1 ted and cast rod. 
Undoped powder metal lurgy rod. 
The use o f  these pa r t i cu la r  types was made w i th  the ob jec t ive  o f  
and e luc idat ing the  inf luence o f  the d i f f e r e n t  meta l lurg ica l  
s t i cs .  The doped rod has already been obtalned and t e n s i l e  
are being machined, 
s expected short ly,  
Del ivery  o f  the other two types o f  
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The h igh pressure tens i l e  tes ts  a re  being conducted i n  a 
constant pressure t e n s i l e  apparatus o f  the same basic design as tha t  
developed by Pugh and co-workers a t  The National Engineering Labora- 
t o r y  (” 14). 
essen t ia l l y  a constant s t ra in - ra te  t e n s i l e  machine contained w i t h i n  
a h igh pressure chamberp i s  shown i n  Figure 6. The main pressure 
chamber i s  a th ick-wal led steel  cy l inder ,  eleven inches long and 9 in-  
ches outside diameter, w i t h  a stepped concentr ic bore o f  1.5 in. 
diameter a t  the upper end and a bottom bore o f  0.7 in. diameter. The 
t e n s i l e  specimen i s  s t ra ined by lowering the bottom plunger, t o  which 
i t  i s  attached; the other  end being f i x e d  t o  the cy l inder  v i a  an 
e l e c t r i c a l  resistance s t r a i n  load c e l l  and a support tube. E l e c t r i c a l  
leads t o  the load c e l l  and a manganin-pressure gage are conducted i n t o  
the chamber through seals i n  the upper plunger. The reduction o f  area 
o f  the specimen as the t e s t  proceeds i s  fo l lowed by d i r e c t  photographic 
observation through t h i c k  glass windows mounted on the cross bore. 
Elongation i s  monitored by using a l i nea r  transducer t o  record the 
‘cross-head t r a v e l ’  o f  the lower plunger. Pressure i s  generated and 
maintained by the upper plunger which i s  forced downward by means o f  
a 400-ton hydraul ic  ram t o  compress a su i tab le  f l u i d  i n  the chamber, 
wh i l e  the bottom plunger i s  supported by a 60-ton upstroking ram. 
The general arrangement of the apparatus, which i s  
Due t o  the b r i t t l eness  o f  rec rys ta l l i sed  tungsten, a but ton 
head specimen conf igurat ion i s  being used (Figure 7). A su i tab le  
s p l i t - c o l l e t  g r i p  has been designed t o  adapt t o  the seven-thread gr ips  
i n  the apparatus,, 
lower g r i p  which i s  i n  tu rn  coupled w i th  the bottom plunger. 
The upper c o l l e t s  are threaded t o  screw i n t o  the 
As the 
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resu l t  o f  pre l iminary tes ts  o f  the g r i p  operat ion i n  the apparatus 
using a hardened stee l  t e n s i l e  specimen, some minor modi f icat ions are 
being made t o  f a c i l i t a t e  the a l ign ing  o f  the specimen i n  the chamber 
before proceeding w i th  t e n s i l e  tes t i ng  o f  the tungsten specimens 
which are now being machined. 
IV .  FUTURE WORK 
During the next six-month per iod o f  the program, the e f f o r t  
on the model system w i l l  be directed mainly t o  a transmission e lect ron 
microscopy study o f  the d is loca t ion  conf igurat ions induced by pressure 
and the d is loca t ion  structures which develop during the e a r l y  stages 
o f  p l a s t i c  f low during subsequent t e n s i l e  s t ra in ing.  
these and e a r l i e r  observations, an attempt w i l l  be made t o  develop 
a quan t i t a t i ve  model t o  account f o r  the pressure e f fec ts  on the y i e l d  
behavior. I n  the case o f  tungsten, measurements w i l l  be made o f  the 
p l a s t i c  f low and f rac tu re  charac ter is t i cs  a t  room temperature as a 
On the basis o f  
funct ion 
be given 
i n  mater 
deformat 
o f  pressure f o r  the three types o f  tungsten. 
t o  d i r e c t  observation o f , t h e  nature o f  d is loca t ion  movement 
a1 s t ra ined a t  the high pressures, a t  which extensive p l a s t i c  
on i s  ant ic ipated before f racture.  
A t ten t ion  w i l l  
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TABLE I ! .  
PRESSURISATION ON THE MAGNITUDE OF THE INITIAL FLOW STRESS WA. 
COMPARISON OF THE EFFECT OF TENSILE PRESTRAIN AND 
W t .  %C Condition PA ( p s i 1  
0.004 a) A* < U.Y.S. 
3 
3 
b) A and prestrained0.02k 17.4~10 (ave. o f  2) 
c) A and pressurised a t  20kb 12.5~10 (ave. of  2) 
0.019 
0.09 
b) A and prestrained 
0.016% 22.8~10~ ) 
3 ) on same 
1 specimen 0.086% 22.8~10 
0.114% 22.8~10' j 
a) 4 c U.Y.S. 
3 
3 
b) A and prestrained 0.15% 19.8~10 
c) A and pressurised a t  20Kb 12.2~10 
- U.Y.S.  0.18 a) A 
3 
3 
c) A and 20 kb 15.5~10, 
(AIS1 1018) b) A and .53% pres t ra in  25.4~10 
* 
Annea 1 ed a t  667OC 
-5 = 10 i n / i n  p l a s t i c  s t r a i n  P A  
0.02 in/min. s t r a i n  rate. 
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Fig. 1. Ef fect  o f  volume proport ion of second phase (Fe3C) 
on change i n  y i e l d  st ress ( L Y S ,  o r  0.2% o f f s e t )  
a f t e r  subjection t o  indicated pressures.o 
A l l  a l l o y s  s u b c r i t i c a l l y  annealed a t  667 C .  
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Fig.  3 .  Changes i n  the form of the t e n s i l e  s t ress-s t ra in  
curves fol lowing pressur isat ion t o  20 k i lobars  f o r :  
(a)  Fe-0.30 w t . X C  a l l o y  (two d i f f e r e n t  Fe C morphologies); 
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Fig. 4. Comparative thin-foil electron micrographs 
of annealed powder metallurgy tungsten. 
(a) undoped ( X 4 0 K )  
(b) doped ( X 1 6 K )  
Scale marker indicates 1 micron. 
Fig. 5. Thin foil electron micrograph of W - 0.88 wt% H f  - 
0.062 wt%C alloy solution treated at 2770oC for  
15 minutes and cooled rapidly. X40K. 
Scale marker indicates 1 micron. 
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Fig.  6. General arrangement o f  constant pressure t e n s i l e  apparatus. 
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Fig. 7. Details of tensile specimen (as-ground) and grips. 
